Calibration of shock and vibration transducers is performed by using the methods described in ISO 16063-13 and 16063-22 standards, at primary and secondary levels respectively. At secondary level, the devices, generating mechanical shock, are pendulum shock calibrator, dropball shock calibrator, pneumatically operated piston shock calibrator and Hopkinson bar shock calibrator. The main parameters and requirements of the shock calibrator devices, named here, are also given in ISO 16063-22 standard. Pulse width and pulse amplitude are the important parameters in calibration of the shock and vibration transducers. Pulse width and shape depend on the material properties. In this paper the determination of pulse width and pulse amplitude characteristics of materials used in pendulum type shock calibration device, designed in TUBİTAK UME, is presented.
Introduction
Events like falling of an object, car crush or launching of rockets produce high amplitude acceleration, called shock. Resistance of such objects, devices and machines to high shock levels, during their storage and operation, is demonstrated or proven by shock tests. Details of the shock tests are described in relevant national and/or international standards or in the in-house methods. Important part of the test is the test spectrum, applied to the device under test. The confidence of such tests mainly depends on the calibration of the test system and especially on the shock transducers. Therefore shock transducers should be calibrated in the range that covers the scope of demanded tests.
Calibration of shock transducers is performed at two levels. These are the primary level, in accordance to ISO 16063-13 standard [1] , and secondary level, in accordance to ISO 16063-22 [2] . Laser interferometric calibration of the shock transducers was investigated by A. Link et al. in 1998 , who have reported that the computer simulations and experimental investigations also proved that the peak value and the spectral components of shock-shaped accelerations can be measured with expanded uncertainties of less than 0.2% [3] .
Later on, a detailed review of ISO 5347 and its revised and renumbered version ISO 16063 and traceability for vibration and shock measurements was published by H.-J. von Martens [4] . Application of ISO 16063-21 and 22 was introduced by some of the manufacturers [5] . Dynamic calibration of different transducers, such as force and pressure transducers, were investigated * e-mail: eyup.bilgic@tubitak.gov.tr and the results were published, taking care of the applied methods and also of the effects of waveform model [6, 7] . Pulse shape effect, uncertainties of the calibrations and also filtering of the noise were studied by various authors [8] [9] [10] . Recently, pulse width of the mechanical shock signals applied to the transducer was stated in the Technical Protocol of CCAUV Key Comparison, as a mandatory parameter [11] .
At primary level, in order to generate shock accelerations, Hopkinson bars are used. At secondary level, the devices generating mechanical shock are pendulum shock calibrator, dropball shock calibrator, pneumatically operated piston shock calibrator and Hopkinson bar shock calibrator. The main parameters and requirements of the shock calibrator devices are given in ISO 16063-22 standard. Pulse width and pulse amplitude are the important parameters in calibration of the shock and vibration transducers. Pulse width and shape depend on the material properties. (857) A pendulum shock calibrator device was designed in TÜBİTAK UME and manufactured, see Fig. 1 . Six different elastic materials (pads) were chosen to use between the hammer pendulum and the anvil pendulum, as shown in Fig. 2 . Samples N1 to N4 are made of rubber. Their chemical composition and thicknesses are different, however samples N3 and N4 have the same properties. Modulus of elasticity of the pads was measured in Force Laboratory in TÜBİTAK UME. The results are given in Fig. 3 and in Table I . 2. Determination of pulse width, pulse amplitude and shock sensitivity Shock pulse width and shock pulse amplitude of the signal, produced by pendulum shock calibrator, were determined for various drop angles. The drop angle is an angle between vertical axis, parallel to the anvil pendulum, and the tip of the hammer pendulum.
Sample pad N1 and two shock transducer PCBs of type 301A12, in a back-to-back configuration, were mounted on the anvil pendulum. Outputs of the transducers were connected to Agilent digital oscilloscope through four channel signal conditioner PCB of type 482C. One of the transducers was used as reference (Ref.) transducer and the other was the device under test (DUT). Drop angle was changed from 5
• to 15
• and the output signals of the transducers were recorded.
Waveforms of the output signals from signal conditioner for sample N1 are presented in Fig. 4 . Output signals for sample N2 to N6 were recorded by repeating the steps described above. A calculation code was developed based on Matlab. This code was used to draw the signal output graphs and the calculations and fitting for the pulse width output signals and shock sensitivity of DUT. Sensitivity of the DUT is defined in ISO 16063-22 standard as given below:
where S dut is sensitivity of the transducer under test, S ref is sensitivity of the reference transducer, u dut, peak is maximum peak value of output of the transducer under test and u ref, peak is maximum peak value of output of the reference transducer. In order to determine peak value and therefore the sensitivity of the transducers, three methods are defined.
Version 1: Selection of maximum values as peak values: Maximum peak value is selected from the series of filtered transducer outputs.
Version 2: Polynomial approximation (time domain): The series exceeding the 90% (second choice 95%) of the peak values are approximated with a parabola and then maximum peak value is calculated. Version 3: Sensitivity calculation using FFT analysis: Applicable if the complex sensitivity of the reference transducer is known.
In this investigation, Version 1 and Version 2 of the method were used in the calculations. Results for sample N1 are given in Table II . The results for all samples N1-N6 are presented in Figs. 5-7, for the pulse amplitudes, pulse widths and shock sensitivities respectively. 
Discussion
• The pulse amplitude and pulse width from the shock transducer and signal conditioner depend on the type of the pad mounted on the anvil pendulum. • High pulse amplitudes and also very short pulse widths were obtained from the sample N6, teflon (PTFE), which has the highest modulus of elasticity, compared to the other samples used in this investigation.
• Pulse amplitudes show quadratic dependence on the drop angle for all samples (refer to Fig. 5 ). Pulse limit given in ISO 16063-22 standard is 8 ms. Fig. 7 . Calculated shock sensitivity of DUT vs. drop angle, obtained from shock calibrator device, designed in TÜBİTAK UME, for samples N1-N6. Green strait line shows the sensitivity values from the sensor manufacturer. The horizontal bars show the uncertainty values in k = 2, k is the coverage factor for the confidence level of 95%.
• All samples fulfill the pulse width requirement for drop angles, starting from 10
• (refer to Fig. 6 ). Samples N2, N5 and N6 are good choices, due to high pulse amplitudes and also due to small pulse widths.
• All shock sensitivity values of DUT, calculated for drop angles varying from 5
• and for the samples N1-N6 show good consistency with the sensitivity value declared in calibration certificate of the reference, and these values are within the uncertainty limits for the calibrations (refer to Fig. 7 ).
• These results show the equivalence and also the quality of the shock calibrator device designed in TÜBİTAK UME.
Conclusions
Pendulum shock calibrator, operating in accordance with the pendulum principle was designed, manufactured and installed in TÜBİTAK UME. In order to investigate pulse width and pulse amplitude, generated when hammer pendulum hits the anvil pendulum, different kinds of pad material were used. The modulus of elasticity of the pad materials was obtained, with the regression coefficient larger than 0.995, in Force Laboratory in TU-BİTAK UME.
These pads were mounted on the pendulum shock calibrator and then shock pulses were recorded as the output of the reference shock transducer -signal conditioner chain for different drop angles of hammer pendulum. Recorded pulse shapes were analyzed in accordance to the ISO 16063-22 standard, by using a calculation code that was developed in Matlab in TÜBİTAK UME. Dependences of shock amplitude and pulse width on the drop angle and on pad material were investigated. It was found that pulse width decreases with the increase of drop angle, thus resulting in an increase of pulse amplitude.
Secondary level shock calibrations were performed by pendulum shock calibrator. In this calibration two of reference shock transducers are used in back-to-back configuration. One of these transducers was considered as the reference. The calibration uncertainty for this kind of secondary level system mainly depends on the uncertainty of the reference transducer, signal conditioner characteristics, and accuracy of data acquisition system. The obtained shock sensitivity values were compared to the values in the certificate issued by manufacturer of the reference transducer. It was found that these values correspond to each other, within the calibration uncertainty. As a result, the calibrator was verified by using calibrated shock transducers.
